Abstract The Ilizarov method has been studied extensively in the management of non-union of long bones. In most cases this involves filling of defects present primarily or after débridement by bone transport. Acute docking over gaps longer than 2 cm has not been adequately studied, however. The purpose of this paper is to report the efficacy of acute peg in hole docking as a bone graft-sparing modality in the management of infected non-union of long bones.
Introduction
The problem of non-union has been known to orthopaedic surgeons since they have been treating fractures. Fractures fail to unite as a result of damage from the initial injury and mechanical instability, which are further compounded by bone loss, osteomyelitis, multiple surgical procedures, disuse osteoporosis, soft tissue atrophy and decreased arterial blood flow. Non-union of long bones with infection has always been a challenge for orthopaedic surgeons [3] . The challenge is complicated by additional factors like the presence of deformity, loss of bone, leg length discrepancy and soft tissue damage. Bone union in these situations is not obtained until infection is eradicated [3] .
The presence of microbes in the fractured area limits the options available including the use of skeletal allografts, devascularised cortical struts and microvascular hook-ups [5] .
Ilizarov discovered that living tissue when subjected to slow steady traction becomes metabolically activated in both the biosynthetic and proliferative pathways, a phenomenon dependent on vascularity and functional use [10] . Application of this method allows the problems of nonunion, infection, shortening, deformity and osteoporosis to be addressed simultaneously [3] .
Difficult or resistant infections usually require a radical débridement of the septic bone and soft tissue in addition to the application of stable fixation to enhance soft tissue healing and bone union [8, 9] . Bone defects in this situation can be filled up either by acutely shortening the bone or gradually transporting a segment to fill in the defect.
The purpose of this study was to assess the applicability of acute peg in hole docking over longer distances as a treatment modality in infected non-union of long bones.
Materials and methods
From June 2000 to July 2005, 36 cases of infected nonunion of long bones were admitted in our department for management; 23 patients had been managed in our hospital from the outset whereas the other 13 had been managed elsewhere prior to their admission to our hospital. Informed consent was obtained from all patients after explaining the procedure and its advantages and potential complications.
Technical considerations
The proper application of the technique necessitated a minute and detailed study of the radiographs of the involved bone taken in the anteroposterior and lateral planes. The bone ends were classified as per the classification of Schwartsmann et al. [20] . Only those cases where at least one of the two main fragments was rhomboidal, pencil-like or trapezoidal were included in this study. This was done to prevent undue resection and sculpting during the surgical procedure. The pre-operative plan included construction of the Ilizarov frame to save operating time.
Operative technique
Intraoperatively the non-union area was approached and sinuses, sequestrate and unhealthy soft tissue débrided aggressively. The ends of the two main bone fragments were exposed. The fragment which was pre-operatively marked out as a peg was sculpted into an invaginating end (cortical peg). The other bone end was converted into a receptacle for this peg (medullary hole). The two ends were fitted into each other (peg in hole).
Stability was tested in a preliminary manner by applying manual force in bending and shear. An invagination of at Fig. 1 Non-union of both the forearm bones (a) managed by débridement and peg in hole docking (b). c Final result Fig. 2 a Persistent non-union of the tibia after application of the Ilizarov frame and bone grafting. b Acute docking with peg in hole osteotomy done. c Union status 1 year after removal of the fixator. Regenerate consolidation can be appreciated distally on careful perusal least 1 cm was achieved. It was also mandatory for the base of the peg to be more than one-third of the diameter of the receiving end in both anteroposterior and lateral planes.
The preassembled Ilizarov frame was affixed and compression applied at the docking site. In all cases where the tibia was operated, a preliminary fibulectomy was done to allow docking to take place. In the lower limb bones where acute docking caused a shortening of more than 2.5 cm, a corticotomy was done in the metaphysis to allow distraction osteogenesis and equalisation of limb length.
Post-operatively any angulation at the docking site as calculated from the radiographs was corrected by differential compression and distraction of the rings. Distraction was started at the corticotomy site 7 days post-operatively and carried out four times a day in 6 hourly increments of 0.25 mm. The distraction was continued until the limb lengths were equalised. In all our cases where distraction was done, consolidation of the regenerate was the determining factor for the removal of the fixator. Docking site union was assessed by stress testing along with radiologic melting of the peg (cortical continuity).
Results
A total of 36 patients participated in this prospective study with an age range of 17-71 years (mean: 37.3 years). There were 22 males and 14 females. In 18 patients the tibia was involved, 9 had involvement of the femur, 6 humeri and in 3 cases both the bones of the forearm were involved (Figs. 1, 2, 3, 4) . In these three cases, both the bones were c Rhomboid. The peg in hole docking in the three theoretical situations is depicted by the line diagrams assessed together rather than as individual units (Tables 1  and 2 ).
The primary cause of injury was a firearm injury (FAI) in 18 cases, road traffic accident (RTA) in 13, fall from a height in 4 and a crush injury due to a collapsing wall in 1. The original injury was type 1 compound in 6 cases, type 2 compound in 22 cases and type 3 compound in 7 cases [7] . One case had a closed fracture initially. Before the application of the peg in hole modality of treatment the number of surgical interventions ranged from 1 to 6 with a mean of 3.25 interventions per patient. The duration of treatment before application of the final procedure was 1-16 months (mean: 6.4 months). At the time of the surgery 10 patients had a quiescent infection (Q) and 26 had a draining infection (Dr).
The defects on the basis of pre-operative roentgenograms ranged from 0 to 12 cm (mean: 3.6 cm). In the forearm bones, the radiologically larger defect was added to the clinical limb length discrepancy to calculate the defect.
Acute peg in hole docking was done in all the cases and 23 cases required concomitant distraction osteogenesis to re-establish the limb length. The mean distraction length in these cases was 4.76 cm. In 16 of these cases the regenerate consolidated normally, prematurely in 1 and in 6 cases it was delayed. The time to docking site union averaged 9.4 weeks. This was ascertained clinically by stress testing and radiologically by observing the melting of the clear margins of the peg. We encountered a total of 64 complications with 54 being problems, 7 obstacles and 3 true complications [18] . The three true complications were reflex sympathetic dystrophy (RSOD), premature consolidation and formation of a ring sequestrum around an olive wire which continued to drain at the completion of treatment.
The bone results were assessed according to the protocol laid down by the association for the study and application of the method of Ilizarov [17] . An excellent result was defined as union, no infection, deformity of less than 7°and leg length inequality of less than 2.5 cm; a good result was defined as union and any two of the other three criteria; a fair result was defined as union and one of the other criteria; and a poor result was defined as non-union or refracture, or as union in the absence of any of the other three criteria.
Accordingly we had 16 excellent, 14 good, 5 fair and 1 poor result. In cases where both the bones of the forearm (radius and ulna) were managed with this modality, the bone of the forearm with the poorer result was represented. The poor result occurred in a femoral defect docked over 12 cm where the regenerate angulated. The patient had a functionally poor result due to stiffness of the knee. He refused further intervention and manages his routine activities with a shoe raise.
The functional result was based on five criteria: a noteworthy limp, stiffness of adjacent joints (loss of more than 15°of motion), soft tissue sympathetic dystrophy (RSOD), pain that reduced activity or disturbed sleep and inactivity. The functional result was considered excellent if the patient was active and none of the other four criteria were applicable, good if the patient was active but one or two of the other criteria were applicable, fair if the patient was active but three or four of the other criteria were applicable and poor if the patient was inactive [3] . On this basis we had 13 excellent, 11 good, 10 fair and 2 poor results. The follow-up of the first poor result has been mentioned earlier. The other poor result occurred in a case where both bones of the forearm were docked. The patient developed reflex sympathetic dystrophy which was managed by physiotherapy.
Discussion
The purpose of reporting this study was to reinforce the fact that acute docking over longer distances with a peg in hole invagination contact is possible without compromising the final result and it gives advantages that are lacking with the conventional transport and bone grafting techniques.
Infected non-union of long bones remains a management challenge, due to its association with deformity, loss of bone, leg length discrepancy and soft tissue damage [3] .
In the process of débriding the infected tissue, significant defects at the non-union site are often created. Golyakhovsky et al. classified a gap of more than 3 cm as a large bone loss [4] .
Successful treatment of infected non-union often combines radical débridement of the septic bone and soft tissue in addition to application of stable fixation to enhance soft tissue healing and bone union [8] .
Various modalities of treatment have been used from time to time including the use of cancellous bone grafts, vascularised free tissue transfer and electrical stimulation [14] .
Papineau et al. presented their series where infected nonunion was treated by débridement, external fixation and bone grafting. The high amount of graft loss and the requirement that it be kept moist make the procedure unsuitable for defects larger than 4 cm [19] .
Microsurgical composite osteomyocutaneous free tissue transfer has been used in the reconstruction of bone defects. These often fail due to the short vascular pedicle that prohibits anastomosis outside the zone of injury [21] . Besides this the occurrence of fatigue fracture, high nonunion rate and donor site morbidity are considerations when offering this procedure to the patient.
Electricity in the form of direct current is contraindicated in the presence of draining osteomyelitis, besides causing immobilisation and rehabilitation problems [25] .
Conventionally non-unions have been treated by converting an infected draining non-union into a non-draining non-union and then promoting union by bone grafting. This usually involves three operations conducted in three separate sittings, i.e. saucerisation of the wound with fixation, skin grafting and bone grafting. Weber et al. and Judet et al. reported an active method of treating infected non-unions which involves restoration of bony continuity, osteoperiosteal grafting, fixation and use of suction irrigation drains. They reported a 15% failure rate [12, 23] .
Calhoun et al. treated this problem with the use of antibiotic impregnated polymethyl methacrylate beads [2] . However, significant immobilisation and rehabilitation problems were encountered.
Ilizarov spoke of a discovery of a number of common biologic regularities that encourage both the repetitive and formative processes of regeneration and growth not only of bone tissue, but also of soft tissue in damaged and diseased locomotor systems [11] .
These revolutionary techniques devised by Ilizarov have created a new potential for the salvage and reconstruction of the residuals of non-union and chronic osteomyelitis [1] .
Difficult or resistant infections usually require radical débridement of the septic bone and soft tissue in addition to the application of stable fixation to enhance soft tissue healing and bone union [8] . This débridement usually leads to the creation of a defect.
Use of the Ilizarov circular frame allows resection of the infected bone, repair of the defect and stabilisation to consolidation while maintaining or restoring the length of the limb. The defects resulting from bone loss can be filled by one of the two methods.
1. Acutely shortening the bone and then gradually lengthening it to restore length 2. Bone transport to fill in the defect [6] Transporting a bone fragment often throws up obstacles that require surgical intervention. This includes non-union of the transported fragment and docking site refracture [4, 15] .
Also because the healing of the target site does not begin until intercalary lengthening of the fragment is complete, patients requiring bone transport are maintained in the external fixator longer than those needing comparable limb elongation [8] .
In a majority of lax pseudoarthrosis, the bone ends are usually osteopaenic. The osteopaenia progresses during the distraction period. Therefore, at the end of distraction, when the constant tension stress is no longer present, stable fixation of the bone ends may become significantly compromised [20] .
Acute docking as a treatment modality has not been studied in any large series in the literature. Docking acutely under vision allows compression and does not rely on transformational osteogenesis. In order to achieve an adequate area of bone contact or to increase stability by appropriate sculpting of the contact surfaces, the shape of the bone ends must be considered [20] . Usually bone ends are resected in order to accomplish end-to-end contact and compression. This usually, in our experience, increases the resultant defect. Improved contact with less bone resection as well as improved fracture stability may be obtained by using the peg in hole osteotomy whereby the end of one fragment is invaginated into the end of the other main fragment. Results of our series show that acute docking circumvents several problems that afflict conventional bone grafting and internal bone transport.
1. In the 39 bones that were docked in 36 patients, bone grafting was not required in any case. In studies carried out by Marsh et al., Yokoyama et al. and Thirumal et al., additional procedures like bone grafting were required in 10, 50 and 50% of their cases, respectively [16, 22, 24] . The statistical difference with our series is significant. 2. The time from surgery to union at the docking site averaged 9.4 weeks in our series. According to Dendrinos et al. the time taken for an intercalary segment to unite at the docking site after conventional internal transport is 24 weeks [3] . Again the difference is statistically significant. 3. Shortened treatment time. This is especially noticed in upper limb bones as according to Kocaoglu et al., a shortening of 4-5 cm can be tolerated without any functional or cosmetic disability [13] . In the lower limb bones length equalisation was the limiting factor as the docking site union progressed rapidly. 4. At the latest follow-up none of our cases had sustained a refracture at the docking site. Maini et al. reported a refracture rate of 10% in their series [15] . 5. Adjustment of axial alignment post-operatively as the peg does not allow displacement at the docking site. 6. Reduction in the number of reoperations as the docking site does not need to be freshened. Only one case in our entire series required an additional surgical procedure for the débridement of a ring sequestrum. 7. The technique is versatile and applicable to all limb bones as our series shows. The results of this series encourage application of this method more widely as possible complications of oedema due to kinking of vessels and lymphatics which occurs in acute docking of greater than 2 cm was hardly encountered.
Conclusion
Acute peg in hole docking in infected non-union of long bones addresses the basic principles of axial alignment, vascularity, stability and function simultaneously.
